Core-collapse SNe (CCSNe): Systematic searches of radio emission from CCSNe are still lacking, and only targeted searches of radio emission from just some of the optically discovered CCSNe in the local universe have been carried out. Optical searches miss a significant fraction of CCSNe due to dust obscuration; CCSN radio searches are thus more promising for yielding the complete, unobscured star-formation rates in the local universe. The SKA yields the possibility to piggyback for free in this area of research by carrying out commensal, wide-field, blind transient survey observations. SKA1-SUR should be able to discover several hundreds of CCSNe in just one year, compared to about a dozen CCSNe that the VLASS would be able to detect in one year, at most. SKA, with an expected sensitivity ten times that of SKA1, is expected to detect CCSNe in the local Universe by the thousands. Therefore, commensal SKA observations could easily result in an essentially complete census of all CCSNe in the local universe, thus yielding an accurate determination of the volumetric CCSN rate. Type Ia SNe: We advocate for the use of the SKA to search for the putative prompt (∼first few days after the explosion) radio emission of any nearby type Ia SN, via target-of-opportunity observations. The huge improvement in sensitivity of the SKA with respect to its predecessors will allow to unambiguously discern which progenitor scenario (single-degenerate vs. double-degenerate) applies to them.
Why CCSN searches in the radio?
The limited sensitivity of pre-eMERLIN/VLA interferometric arrays has biased past radio observations of CCSNe towards the brightest events, preventing any systematic radio follow-up of CCSNe of all types. The exception has been that of Type Ib/c SNe, which due to their GRB link have been the subject of a systematic monitoring with the VLA (see, e.g., Bietenholz et al. 2014; Soderberg et al. 2006) . All this makes the currently existing radio observations of CCSNe of rather limited use
In this chapter, we argue that a commensal, wide-field, transient survey with the SKA could potentially allow us to obtain a complete census of CCSNe in the local universe, and therefore will permit us to determine the true CCSN rate and thus the star-formation rate of the population of massive stars in the local universe. In addition, some specific, relevant questions that will be tackled by those observations include the following:
• Obtaining an accurate estimate of the true volumetric CCSN rate in the local universe, ℜ.
Wide-field SKA observations covering a significant area of the sky will discover many CCSNe in the nearby universe, and therefore will allow us to determine this relevant parameter (see Fig. 1 ).
• Probing the SN-CSM interaction for all CCSN types, from the relatively faint Type IIP to the extremely radio bright Type IIn SNe (Fig.2) . Probing the SN-CSM interaction for all CCSN types will allow us to obtain basic, crucial information to characterize their progenitors, including mass-loss rates and, for synchrotron-self-absorbed SNe, the shock radius and the magnetic field-directly from the light curves (see, e.g., Chevalier 1998).
• Bridging the gap between Type Ibc SNe and (long) γ-ray bursts. Type Ibc are arguably the CCSNe that show the highest blastwave speeds, yet most of them are energetically much less powerful than GRBs. Recently, however, cases like SN 2009bb, with β ∼ 0.9 and energy ∼ 10 49 erg seem to be intermediate cases. These "engine-driven" CCSNe could be detected with the high-sensitivity offered by the SKA, thus filling this gap in the energy-blastwave velocity parameter space of SNe-GRBs (see, e.g., Gal-Yam et al. (2006) and references therein).
• Typing CCSNe from their radio behaviour. A systematic monitoring could permit us to type CCSNe from their radio emitting properties. This is crucial for the study of the hidden SN population in (Ultra)Luminous Infra-Red Galaxies, where a spectroscopical classification, or even an optical discovery, is essentially impossible (see, e.g., Mattila et al. (2012) and Fig.1 ).
• Unveiling the hidden CCSN population. Horiuchi et al. (2011) found out an apparent mismatch between the measured CCSN rate (mostly from optical observations) and the cosmic massive star formation rate, which was twice as large as the measured one. However, Mannucci et al. (2007) and Mattila et al. (2012) have shown that a significant fraction of the exploding CCSNe in the local universe are hidden behind dust, and that this fraction seems to increase significantly as one goes back in the history of the universe (see Fig. 1 , left panel), et al. 2012 .) The use of the SKA as a CCSN discovery machine willl reduce the relatively large uncertainty in the missing fraction of CCSNe in the local universe (left figure), as well as in the volumetric CCSN rate (right figure).
i.e., there seems to be no mismatch when the hidden CCSNe are taken into account. The results obtained by Mattila et al. (2012) were mostly based on high spatial resolution near-IR and radio observations of the local LIRG Arp 299, and showed that the combination of near-IR and radio observations with high angular resolution are very useful to study CCSNe in LIRGs (e.g. Kankare et al. 2014; Romero-Cañizales et al. 2014) . Radio observations have the advantage over both optical and near-IR that the emission from CCSNe is not hampered by dust, and thus offers an excellent opportunity to determine the true core-collapse supernova rate in the local universe. In fact, most of the the CCSNe that explode in the compact, central regions of luminous and ultra-luminous infrared galaxies can essentially be found only at radio wavelengths, e.g. SN 2000ft in NGC 7469 (Alberdi et al. 2006; Colina et al. 2001) , or the many CCSNe unveiled by radio observations in Arp 299A (Bondi et al. 2012; Pérez-Torres et al. 2009a) , Arp 299B (Romero-Cañizales et al. 2011), or Arp 220 (Batejat et al. 2011; Parra et al. 2007 ).
• Correlating optical and radio properties. The combined use of optical information for both SN and host galaxy, together with the obtained peak (radio) luminosities will allow us to check whether there is a correlation between the optical and radio properties of CCSNe, as well as with their host galaxies. This will be possible by, e.g., making a combined, commensal, use of wide-field surveys programmed at radio wavelengths with SKA, and at optical wavelengths with, e.g., the LSST or similar telescopes. Obviously, the most interesting cases will likely be subject of targeted, monitoring observations with these and other facilities. For example, Gal-Yam et al. (2006) clearly showed the impact of carrying radio and optical follow-up observations of all possible radio transients discovered in surveys covering a significant fraction of the sky area, in terms of GRBs and SNe studies.
Radio emission from CCSNe
In this section we give account of the radio emitting properties, which are crucial to understand the technical issues discussed in the remaining sections.
CCSNe result from both single and binary massive star systems, with initial masses > ∼ 8 M , and include a diversity of spectroscopically divided subtypes (Type IIP/L, IIn, IIb, Ib/c; see e.g. Eldridge et al. 2013) . Upon gravitational collapse of the core, the outer parts of the shell are ejected at very high speeds, v ≈ 10000 (E in /10 51 erg) 1/2 (M ej /1M ) −1/2 km s −1 , and the interaction with the outer, much less dense, material of the progenitor star, drives a blastwave that propagates at speeds as high as v s (0.1 − 0.3)c (e.g., Matzner & McKee 1999) . This high-speed shock heats the circumstellar material to temperatures of ∼ 10 9 K. In addition, a reverse shock propagates back into the stellar envelope at speeds of 500-1000 km s −1 relative to the expanding ejecta.
When the supernova shock-wave ploughs through the circumstellar gas, a high-energy density shell forms. Within this shell, electrons are accelerated to relativistic speeds and significant magnetic fields are generated, giving rise to the production of the observed radio emission. The radio emission from supernovae is essentially non-thermal synchrotron emission from relativistic electrons, and is due to circumstellar interaction (e.g., Chevalier 1982) . In the framework of the SN-circumstellar interaction scenario, the optically thin radio emission from CCSNe scales with the mass-loss wind parameter, M =Ṁ/v w , whereṀ and v w are the pre-supernova mass-loss rate and wind speed, respectively. Thus, for the radio emission to be appreciable, the progenitor star must have lost a significant amount of mass via a stellar wind and/or stripping due to a close companion. The presupernova stellar wind speed plays an equally important role: the smaller the wind speed, the more mass is retained in the vicinities of the SN progenitor, and the stronger the circumstellar interaction will be. According to their M value, CCSNe can be divided into two basic groups: Type Ib/c SNe, which have expelled fast winds (v w ≈ 1000 km s −1 ), have M ∼ 10 −8 M yr −1 / km s −1 , thus implyingṀ ∼ 10 −5 M yr −1 during their blue supergiant phase. Type II SNe are characterized by significantly slower (v w ≈ 10 km s −1 ) winds, although the large differences in mass-loss ratesṀ ∼ (10 −4 − 10 −6 ) M yr −1 result in a large scatter in M ∼ (10 −5 − 10 −7 ) M yr −1 / km s −1 during their red supergiant phase, which affects the time at which they reach their peak radio luminosity.
This pre-supernova wind, made of thermal electrons, has a power-law density profile, which for a steady, spherically symmetric wind has the following form: ρ CSM ∝ r −2 . This circumstellar wind is the main responsible for the partial suppression of synchrotron radio emission from supernovae (e.g., Chevalier 1982) , so that the radio flux density evolution of many CCSNe can be well described by the following equation (e.g., Weiler et al. 2002) 
where τ ν is the optical depth due to external absorption, which for the sake of simplicity is taken to be due only to the (thermal) electrons of the pre-supernova wind and of a possible distant H II region. The optical depth can then be written as
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where the first term accounts for the time varying external absorption, which continuously decreases (since ρ CSM ∝ r −2 ), and the second term allows for a non-varying absorber, i.e., a distant H II region. The former term is usually the one that dominates in most CCSNe, but cases where the latter term dominates also exist, e.g., SN 2000ft in NGC 7469 (Alberdi et al. 2006; Pérez-Torres et al. 2009b) , or some of the SNe in Arp 299A (Pérez-Torres et al. 2009a . (Synchrotron selfabsorption seems to be the dominant mechanism in many Type Ib/c SNe; however, this does not affect the discussion below, so for the sake of simplicity we only consider here external absorbers.)
In Table 1 we present typical values for the relevant radio emission parameters in Eqs. 2.1 and 2.2, based on those published in Weiler et al. (2002) and Romero-Cañizales et al. (2014) for a sample of CCSNe. Stripped-envelope SNe (i.e., Type Ib/c and, to some extent, their cousins, Type IIb SNe) have an optically thin spectral index, α (S ν ∝ ν α ), which is steeper than the spectral index of Type II SNe. The combination of high blastwave speed and stripped envelope in Type Ib/c events (and also in Type IIbc supernovae) explains their very short times to peak and their swift radio evolution (steep values of β ), compared to the rest of CCSNe.
The tabulated fraction of each CCSN type is taken from Eldridge et al. (2013) , which used CCSNe discovered between 1998.00 and 2012.25 (14.25yr) in galaxies with recessional velocities less than 2000 km s −1 . Type Ibc SNe make up ∼ 26% of all CCSNe in the local universe. ∼57% of all CCSNe are faint radio SNe, i.e., the Type IIP SNe and the peculiar Type II SNe, e.g., SN 1987A; ∼15% are the moderately bright Type IIb and Type IIL SNe, and only < ∼ 3% are type IIn SNe, the brightest radio events (see Table 1 and Figure 2 ).
Type IIn SNe show peak luminosities L peak (1 − 2) × 10 28 erg s −1 Hz −1 , while Type Ib/c and Type IIb SNe peak at values of a few times 10 27 erg s −1 Hz −1 . Together, these bright CCSNe account for less than 30% of all radio supernovae. Most of the remaining ∼70% are type IIP SNe, which are significantly fainter radio supernovae, with peak luminosities few times 10 26 erg s −1 Hz −1 (see Fig. 2 ).
CCSN searches with the SKA
In this section, we discuss in detail the advantages of a commensal, wide-field, transient survey with the SKA with respect to currently envisioned efforts with other facilities. : Peak spectral radio luminosity of CCSNe vs. time to peak, times the observing frequency. There is a clear correlation between time to the peak and the luminosity at the peak; in this parameter space, each subtype of CCSNe are located in specific areas; CCSNe show typical peak radio luminosities above 10 26 erg s −1 Hz −1 , except Type IIP SNe, which usually peak at a few times 10 25 erg s −1 Hz −1 , and the very rare 87A-like events. In fact, several wide-field sky surveys will be carried out with the SKA pathfinders MeerKAT and ASKAP, as well as with the upgraded Very Large Array. Those surveys can be used commensally for transient studies, by profitting from programmed wide-field observations. For example, the planned Very Large Array Sky Survey (VLASS) is contemplating the possibility of observing wide field areas (a few hundreds to about one thousand of square degrees) with nominal sensitivities of 1σ 100µJy/beam per epoch, aiming at reaching r.m.s. values of (40 − 70)µJy/beam after stacking multi-epoch observations. However, those sensitivities are just too shallow to be of any real use for CCSN studies. Indeed, a 5σ figure of merit corresponds to 500 µJy/beam per epoch, so that the maximum distance to detect a type IIP event would be ∼9 Mpc (see Table 3 ). Unless sky areas close to the full celestial sphere are surveyed-which is very unlikely-VLASS will only pick up a handful of CCSNe after one year of observations (see Sect. 3.1 below). Most likely, this handful of CCSNe will be discovered first by optical searches, and some of them will
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be subject of targeted radio observations anyway, given their vicinity. Thus, deeper sensitivies are needed to make a substantial contribution to the field.
SKA survey strategy for commensal CCSN searches
The best strategy for transient studies with the SKA is one that combines good angular resolution ( 1.5 arc sec) and large field of view, (FoV 10 deg 2 ), at frequencies around and above ∼1.5 GHz. The SKA1-SUR, which should provide an approximate survey sensitivity of 4.2µJy/beam after 1-hr of on-source integration (assuming a bandwidth of 500 MHz) for a FoV of 18 deg 2 , with an angular resolution of ∼0.9 arc sec at a fiducial frequency of 1.7 GHz, meets such requirements (see Table 2 ).
SKA1-SUR is likely to observe the sky for > ∼ 1000 hr in its first year of operations. Thus, depending on the specific observing band (or bands), the surveyed area will lie in the range of ∼9000 − 18000 deg 2 . As we explain below, to be of use for CCSNe searches, each field of view should be visited five times (each time for an on-source time of 12 minutes), at a cadence of one visit every 90d. The r.m.s. attained per pointing will be of 9.3 µJy/beam per pointing, and the r.m.s. for stacked images will be 4.2 µJy/beam, according to the SKA1-SUR specifications. Such a commensal strategy is likely to result in the largest sample of radio supernovae ever detected in the nearby universe. Table 3 summarizes the expectations for detecting CCSNe using the VLASS, SKA1-SUR, SKA-50% and SKA. More specifically, we show the maximum distance to which a CCSN is expected to be detected above 5σ , for the nominal r.m.s. values of VLASS (∼ 100µJy/beam/pointing) and SKA1-SUR (∼ 9.3µJy/beam/pointing), as well as for SKA1-50% (i.e., only half of the bandwidth of SKA1-SUR will be available), and SKA (ten times more sensitive than SKA1). Here, we took the approximate median value of the peak luminosity of each CCSN type. In practice, this means that only half of the quoted values in Table 3 will be detected. The other half would lie below our 5 σ cut and are expected to be missed. In its currently assumed specifications, VLASS will detect Type Ib/c SNe only up to a distance of 58 Mpc, less than half the value quoted in Kamble et al. (2014) . SKA1-SUR, on the other hand, will be able to detect Type Ib/c SNe up to ∼ 188 Mpc, i.e., a volume ∼35 times larger than the volume where the VLASS will be sensitive to Type Ib/c SNe.
Expectations for CCSN discoveries with wide surveys
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For an all-sky survey, the total number of detections in one year can be written as N all−sky = ℜ×V ×min[∆t bright /∆t cadence , 1], where ℜ is the volumetric rate of CCSNe, ∆t bright is the time that a CCSN of a given type remains bright above the survey sensitivity, and ∆t cadence is the cadence time of the observations, respectively. As long as ∆t bright ∆t cadence , one can be sure that all CSSNe are detected. Since ∆t bright ∆t peak ν −1 5 days (see col. 6 in Table 3 ), then ∆t cadence ∆t peak ν −1 5 days, where ν 5 = ν/5GHz. The volumetric rate of CCSNe in the local universe (z < ∼ 0.1) is ℜ ∼ 10 −4 SNe yr −1 Mpc −3 within a factor of ∼2, while at z 1.0 the volumetric CCSN rate is ℜ ∼ 10 −3 SNe yr −1 Mpc −3 (see Dahlen et al. 2012 and the right panel of Fig. 1 ). The total number of CCSNe expected to be detected in one year over the whole sky, in the local universe (z < ∼ 0.1), where ℜ ∼ 10 −4 SNe yr −1 Mpc −3 is then N all−sky ≈ 420 (D max /100 Mpc) 3 ℜ/10 −4 SNe yr −1 Mpc −3 , and the expected number of detections of each CCSN type is f CCSN × N all−sky , where f CCSN is the fraction of each CCSN type (see Table 1 ). The cadence time is set up by the need to detect the fast-evolving type Ib/c SNe. For a fiducial frequency of 1.7 GHz, the cadence time should thus be no more than ∼90 days. Note the huge difference in the number of expected CCSNe to be detected by the VLASS and by SKA1-SUR, which is due to the VLASS being 10.8 times less sensitive than SKA1-SUR. Since
, the expected number of detections in SKA1-SUR is 35.3 times larger than for the VLASS.
We used the above expression for N all−sky , and combined it with the fraction of SNe from each type (second column in Table 1 ) to obtain the expected number of detected CCSNe in one year, for a survey covering 10,000 deg 2 (see Table 3 ). We also took into account the limiting detectable volumes for each CCSN type, according to their approximated median luminosities. The main limitation is due to the relatively small value of the maximum distance that will allow a detection of a type IIP SN, which is why so few detections of them are expected. (Note that the VLASS will need to sample a 10,000 deg 2 area for 25 years to blindly discover just one single type IIP event.) On the contrary, the extremely bright Type IIn supernovae would be detectable, in principle, up to a distance of ∼422 Mpc (z ∼ 0.1) with SKA1, and up to ∼1350 Mpc (z ∼ 0.25) with SKA, assuming a tenfold increment in sensitivity (see Table 3 ). The relatively high luminosity of spirals at those frequencies (∼ 7 × 10 27 erg s −1 Hz −1 ) may prevent unambiguous detection of even Type IIn at those distances with SKA1, as the synthesized beam of 1.0 corresponds to 2.1 kpc, which could pick up a significant amount of the galaxy luminosity, thus the need for high angular resolution. This limitation will be overcome once SKA is completed, as is foreseen to have a twentyfold better angular resolution. In addition, one has to take into account that around 10% of the massive starformation already at z ∼ 0.1 will come from Luminous Infrared Galaxies (Magnelli et al. 2011) . While those galaxies are prolific CCSN factories, their detection with SKA1, or even with SKA, will not be possible in general, as the compact starburst (size < ∼ 500 pc) will have a typical 1.4 GHz brightness well in excess of our 5-σ sensitivity limit. For the sake of simplicity, and to stay on the conservative side, we assume here that we recover all Type IIn SNe up to an effective distance of 250 Mpc with SKA1-SUR and SKA1-50% (see Table 3 ).
We advocate for SKA1-SUR transient observations at 1.7 GHz, which should provide a survey speed of 18 deg 2 /hr. Thus, 10,000 deg 2 can be covered in 556 hr, which easily accomodates into surveys like SKA1-SUR. Indeed, the only requirement for such a programme to be successful under SKA1-SUR is that a minimum number of visits are done to the same field to secure the discovery of recently exploded CCSNe by means of their variability. The cadence time would be limited by
Core-collapse and Type Ia supernovae with the SKA M.A. Pérez-Torres peculiar Type II SNe, e.g., SN 1987A, peaking very early after the explosion, but since we will miss them anyway (see Table 3 ), the cadence time is actually constrained to ∼ 90 days by the type Ib/c SNe turnover. This requirement can be easily fulfilled by carrying out five equally spaced 12-min visits of the same field during one year, resulting in an r.m.s. of 9.3 µJy/beam per visit and thus reaching the specified 4.2µJy/beam after five visits (=1 hr on-source).
While the VLASS will detect only ∼13 CCSNe after surveying 10,000 deg 2 after one year, SKA1-SUR is expected to detect over 300 CCSNe in one year (see Table 3 ). SKA1-SUR, unlike VLASS, will not need to cover an extremely huge area to ensure a large number of detections. In fact, Table 3 shows that the VLASS needs to cover an area of > ∼ 13,000 deg 2 to detect just one single IIb/IIL event in one year; the detection of a single Type IIP from a blind radio survey within the VLASS, would require about six years of observations of the whole sky (or 25 years of the same 10,000 deg 2 field). In short, the handful of radio SNe expected to be detected by the VLASS will most likely be detected anyway by nearby optical searches. Clearly, VLASS-class blind radio surveys will not add much to our knowledge of CCSN radio properties and/or statistics. On the contrary, SKA1-SUR, carried out over ∼ 10000 deg 2 with a cadence time of 90 days, should detect about 177 type Ibc SNe, 29 type IIb/IIL, ∼1-2 type IIP, and 104 type IIn CCSNe, for a total of ∼311 CCSNe in just one year, or about 26 CCSNe per month, for a total on-source time of 556 hr. Assuming a 33% overhead time, the total time needed is of ∼740 hr, or 2.0 hr/day for such a commensal, transient survey to be successful.
There are several reasons for the unrealistic predictions made by Kamble et al. (2014) regarding expectations of CCSN detections within the VLASS. Kamble et al. (2014) mimicked the approach of Lien et al. (2011) , who fitted the distribution of radio luminosity peaks of about 20 well observed radio supernovae, concluding that the average peak radio luminosity of all CCSNe was > ∼ 10 27 erg s −1 Hz −1 . However, as Fig. 2 shows, different types of CCSNe peak at significantly different luminosities, so the predictions of both Lien et al. (2011) and Kamble et al. (2014) were too optimistic. Indeed, Kamble et al. (2014) considered all CCSNe to be type Ib/c, i.e., f Ib/c = f = 1.0, while type Ib/c in the local Universe make up about 26% ( f Ib/c = 0.26) of all CCSNe. Finally, Kamble et al. (2014) assumed that CCSNe are detected at the 1-σ level, which clearly cannot be the case. Actually, for a clear detection, a minimum threshold of five times the off-source r.m.s. will be needed, since the number of independent beams within the 1.7 GHz FoV will be of several millions with SKA1, and this number will be much larger with the SKA. Therefore, artificial sources above 3σ and approaching a ∼ 5σ level should be expected, which may result in a substantial fraction of false detections even with a 3 σ threshold.
When the characteristic radio luminosity of each CCSN type is taken into account, as well as their fraction, and a realistic 5-σ detection threshold, numbers get dramatically lower for the intended VLASS in terms of (blind) CCSN radio discoveries. Even for SKA1-SUR, Achille's heel remains the expected low-number statistics for Type IIP SNe, so large areas need to be covered (see Table 3 ).
Impact of a "poor man's" SKA1
We now quantify the impact of a decrement by a 50% in the SKA1-SUR specifications (SKA1 50%). If the angular resolution is degraded, this is expected to have a minor effect in terms of CCSN discovery, as most of the SNe in normal, spiral galaxies, will be far from the galaxy nucleus, and therefore should be easily discerned. However, the impact due to a poorer array sensitivity is very relevant. Since N det ∝ S −3/2 ν , then a decrement of the available bandwidth by 50% implies a sensitivity decrement by √ 2, and thus a decrement in the number of CCSN detections of almost 40%, if the initial specifications are not observed.
Although the preferred frequencies are > ∼ 1.7 GHz, which optimizes FoV, sensitivity, and angular resolution, as well as permits a cadence time significantly larger than at higher frequencies, any of the currently deep, very wide continuum surveys will have a profound, extremely positive impact in the number of CCSN discoveries. In particular, any of the two All-Sky referenced surveys for SKA1 at band 2 will be very beneficial for CCSN searches. Indeed, both surveys propose to image an area of 31000 deg 2 , at ∼1.4 GHz, reaching r.m.s. sensitivities of 2 (3) µJy/beam after two years with an angular resolution of ∼0.5 (∼2) arcsec resolution. If any of those surveys is performed, observing the cadence-time of ∼90 days, this would yield increments in the number of CCSNe expected to be detected with respect to the nominal values in Table 3 for SKA1-SUR by factors of 6 and 11, for the All-Sky surveys with 2µJy/beam and 3µJy/beam sensitivities.
Once SKA is completed, the sensitivity will be about 10 times better than for SKA1, the angular resolution will be about 20 times better, and the FoV around 20 times larger. Therefore, the number of detections is expected to be very close to the number of explosions of all CCSNe in the local universe (see Table 3 ), and the close to milliarcsecond angular resolution could permit to detect CCSNe even in the dusty environments on (U)LIRGs, thus allowing us to obtain a dust-free, complete census of CCSNe in the local universe. In addition, devoted CCSNe surveys of smaller fields (several degrees to a hundred) with sensitivities of ∼ 100 nJy/beam (1 σ ) will be possible with very modest observing times. This will allow us to precisely determine the value and evolution of the fundamental parameter ℜ as a function of redshift in the relevant redshift range from z = 0 to at z 1.0 from radio observations, and compare them with existing estimates (see right panel in Fig. 1 ).
Type Ia supernovae with the SKA
Type Ia SNe are the end-products of white dwarfs (WDs) with a mass approaching, or equal to, the Chandrasekhar limit, which results in a thermonuclear explosion of the star. While it is well acknowledged that the exploding WD dies in close binary systems, it is still unclear whether the progenitor system is composed of a C+O white dwarf and a non-degenerate star (single-degenerate scenario), or both stars are WDs (double-degenerate scenario). In the single-degenerate scenario, a WD accretes mass from a hydrogen-rich companion star before reaching a mass close to the Chandrasekhar mass and going off as supernova, while in the double-degenerate scenario, two WDs merge, with the more-massive WD being thought to tidally disrupt and accrete the lowermass WD (see, e.g., Maoz et al. 2013 , and references therein). This lack of knowledge makes it difficult to gain a physical understanding of the explosions, and to model their evolution, thus also compromising their use as distance indicators.
Radio and X-ray observations of SNe Ia
Radio and X-ray observations can potentially discriminate between the progenitor models of SNe Ia. For example, in all scenarios with mass transfer from a companion, a significant amount of circumstellar gas is expected (see, e.g., Branch et al. 1995) , and therefore a shock is bound to form when the supernova ejecta are expelled. The situation would then be very similar to circumstellar interaction in core-collapse SNe (see above), where the interaction of the blast wave from the supernova with its circumstellar medium results in strong radio and X-ray emission (Chevalier 1982) . On the other hand, the double-degenerate scenario will not give rise to any circumstellar medium close to the progenitor system, and hence essentially no prompt radio emission is expected. Nonetheless, we note that the radio emission increases with time in the double-degenerate scenario, contrary to the single-degenerate scenario. This also opens the possibility for confirming the double-degenerate channel in Type Ia SNe via sensitive SKA observations of decades-old Type Ia SNe.
Radio (e.g., Hancock et al. 2011; Panagia et al. 2006 ) and X-ray (e.g., Hughes et al. 2007; Russell & Immler 2012) observations of SNe Ia resulted in upper limits on the wind density around SN Ia progenitors of the order ofṀ = 1.2 × 10 −7 M yr −1 , assuming a wind velocity of 10 km s −1 . At the moment, the deepest radio limits on circumstellar gas come from SNe 2011fe and 2014J. The limits on mass-loss rate from the progenitor system of SN 2011fe areṀ = 6 × 10 −10 M yr −1 andṀ = 2 × 10 −9 M yr −1 from radio ) and X-rays (Margutti et al. 2012) , respectively, assuming a wind velocity omass-lossf 100 km s −1 . Similarly, the mass-loss rate limits for the progenitor system of SN 2014J areṀ = 7 × 10 −10 M yr −1 andṀ = 1.2 × 10 −9 M yr −1 from radio ) and X-rays (Margutti et al. 2014) , respectively, for a wind velocity of 100 km s −1 . The above limits permit to rule out all symbiotic systems and the majority of the parameter space associated with stable nuclear burning WDs, as viable progenitor systems for either SN 2011fe or SN 2014J. Recurrent novae with main sequence or subgiant donors cannot be ruled out completely, yet most of their parameter space is also excluded by those radio observations (see Fig. 3.) 4.2 Unveiling the progenitor scenarios of type Ia SNe with the SKA With the advent of the SKA, we will be able to obtain significantly deeper radio limits, or an eventual detection, for SNe Ia exploding at the distance of M 82. For more distant supernovae, we will be able to obtain similar or even more constraining limits to those obtained for SNe 2011fe 10 -9 10 -8 10 -7 10 -6
Mass loss rate (M yr and 2014J, which will allow us to build a picture from a larger statistical sample of observed SNe Ia. The first phase of SKA considers three different surveys: SKA1-LOW, -mid, and -sur (see also Table 2 ). SKA1-MID, promises to yield 1σ sensitivities of ∼ 0.7µJy/beam in one hour at a fiducial frequency of 1.7 GHz. This figure is five times better than currently provided by the most sensitive array, the VLA. SKA1-MID will be able to either detect the putative radio emission of SN 2014J-like objects up to distances 8 Mpc in less than one hour, or put significantly better constraints on the parameter space of single-degenerate scenarios for the next Type Ia SN that explodes at a distance no larger than that to M 82. However, the expected number of SNe Ia per 10 -9 10 -8 10 -7 10 -6
Mass loss rate (M yr Expectations from SKA observations of SNe Ia Figure 4 : Constraints on the parameter space (wind speed vs. mass-loss rate) for the same single-degenerate scenarios as in Fig. 3 , as expected with SKA1 (dashed lines) and the full SKA (solid line). SKA1 will be able to unambiguously probe all single degenerate scenarios for SNe Ia exploding at distances similar to that of M 82 (3.5 Mpc), and will be more sensitive than current state of the art, deep radio observations of SN 2014J in M 82, up to a distance of 25 Mpc, or even larger. When SKA is completed, we will be able to unambiguously probe the prompt radio emission within the single degenerate scenario up to distances of ≥ 25 Mpc. All lines correspond to 3-σ .
year in such a volume of the local universe is small. Since the volumetric rate of Type Ia SNe is ∼ 3 × 10 −5 SN yr −1 Mpc −3 (Dilday et al. 2010) , we should expect on average one Type Ia SN every ∼15 yr within a distance of < ∼ 8 Mpc (more than twice the distance to M 82), which is a depressingly small value to get any statistical improvement in a sensible amount of time. Smartt (2009) found 26 Type Ia SNe out of 132 SNe from a 10.5 year-long survey within 28 Mpc. This figure corresponds to about 1 SN Ia every 13 yr within a distance of 8 Mpc, in agreement with the value found by Dilday et al. (2010) .
To obtain a statistically significant sample of SNe Ia observed in radio and with similar upper limits to those obtained for SNe 2011fe and 2014J, we need to sample significantly larger volumes and need much more sensitive radio observations. For example, by sampling out to a distance of 25 Mpc, we can expect ∼2 SNe Ia per year within this sampled volume, which in 10 years would result in a total of ∼20 SNe Ia, enough to extract statistical results. At this maximum distance, we need a sensitivity ∼50 times better than obtained by the deep radio observations discussed in and Pérez-Torres et al. (2014) , i.e., 80 nJy/beam (1-σ ), to be as constraining. The fiducial 1-σ sensitivity of SKA should be 10 times better than that of SKA1-MID, or about ∼ 70 nJy/beam in one hour, which will allow to obtain deep radio limits (or eventually the detection) of type Ia SNe in a short amount of time and out to 25 Mpc, or even further. To get a more clear idea of what can be reached with SKA1 and SKA, we plot in Fig. 4 the constraints on the mass-loss rate parameter for an upper limit of 3-σ (3×0.7µJy/beam for SKA1, or 3×70 nJy/beam for SKA) for a Type Ia SN exploding at the distance of M 82 and at 25 Mpc. It is evident that, at this level of sensitivity, a non-detection would be essentially as meaningful as a detection, since the former would imply that only the double-degenerate scenario is viable, while the latter would tell us which of the single-degenerate channels results in Type Ia SNe. The overall time needed to carry out such a target-of-opportunity programme will require no more than about 12−24 hr/year, overheads included, for an average of two targets/year within a radius of 25 Mpc. Such modest time requests can be easily accommodated within a sensible period of time.
Summary
We have presented the prospects for advancing our understanding of the physics of supernovae via their study at radio wavelengths with the SKA. Our suggested approach for core-collapse supernovae is a commensal one, taking advantage of the deep, sensitive surveys that are planned with SKA1. We have discussed the expectations for CCSN studies under the specific case of SKA1-SUR (∼1000 hr in one year, rms=4.2 µJy/beam in 1-hr, FoV=18 deg 2 , bandwidth=500 MHz). In particular, we assumed a fiducial frequency of 1.7 GHz and a covered area of 10000 deg 2 in one year. The expected number of new CCSNe discovered after one year would be > ∼ 310. For SKA, the expected number of expected CCSN discoveries is well over 10,000 in one year. Therefore, the number of detections is expected to approach the number of explosions of all CCSNe in the local universe, thus allowing us to obtain a dust-free, complete census of CCSNe. The only request from such a programme is a multi-epoch approach, observing a cadence-time of < ∼ 90ν −1
1.7 days, where ν 1.7 = ν/1.7 GHz. We also note that the proposed programme can be carried out as well at higher frequency bands, as long as an adequate cadence time is observed.
We have also discussed the prospects for probing Type Ia SNe progenitor scenarios with the SKA. The SKA can be used at very low time-cost for searching the putative prompt radio emission arising, in the single-degenerate scenario, from the circumstellar medium around Type Ia SN progenitors in the nearby universe. Complementarily, since the radio emission of Type Ia SNe is expected to increase with time in the double-degenerate scenario, the SKA should observe decadesold, nearby Type Ia SNe, which can potentially confirm the double-degenerate scenario in them.
In conclusion, the huge improvement in sensitivity of the SKA with respect to their predecessors should allow us to unambiguously discern which progenitor scenario (single-degenerate vs. double-degenerate) applies to them, thus solving this long-standing issue.
